A high-energy supercontinuum spanning 4.7 octaves, from 250 to 6500 nm, is generated using a 0.3-TW, 3.9-μm output of a mid-infrared optical parametric chirped-pulse amplifier as a driver inducing a laser filament in the air. The high-frequency wing of the supercontinuum spectrum is enhanced by odd-order optical harmonics of the midinfrared driver. Optical harmonics up to the 15th order are observed in supercontinuum spectra as overlapping, yet well-resolved peaks broadened, as verified by numerical modeling, due to spatially nonuniform ionization-induced blue shift. , and food quality control [6] . Due to their unsurpassed brightness, synchrotron-based mid-IR beamlines enable a high-resolution chemically sensitive imaging with fast image acquisition and high signal-to-noise ratio within the entire mid-IR range [7, 8] . As a way toward lower costs and real-life-friendly formats, nonlinear-optical methods of mid-IR supercontinuum generation have been demonstrated using properly chosen solid-state materials [9,10] and nonsilica fibers [11] . The energy and the peak power of these mid-IR supercontinuum sources are, however, limited as the intensity of the driver needs to be kept below the laser damage threshold in the bulk of a solid or in a fiber. Supercontinua with peak powers well above the limits dictated by laser damage thresholds of solid materials can be generated by high-power ultrashort light pulses inducing laser filaments in gas media [12, 13] . In the mid-IR range, filamentation in the gas phase has become possible only recently [14, 15] , since the development of high-peak-power mid-infrared optical parametric chirped-pulse amplifiers (OPCPAs) [16] . In the first gas-phase filamentation experiments in the mid-infrared, performed with 0.1-TW mid-infrared pulses focused in high-pressure gases [14] , spectral broadening of the mid-infrared driver was accompanied by efficient energy conversion to the third and fifth harmonics of the driver. In this work, much more powerful, 0.25-TW mid-IR pulses with a sub-100-fs pulse width at a central wavelength of 3.9 μm are used to induce a laser filament in the air. At this level of peak powers, odd harmonics up to the 15th order, broadened due to spatially nonuniform ionization-induced blue shift, are shown to prominently contribute to supercontinuum generation. Notably, when Ti: sapphire laser pulses are used to induce filaments in the atmospheric air, generation of optical harmonics beyond the third order is not possible because of the absorption of the atmosphere. For the mid-IR driver used in experiments presented in this work, harmonics up to the 15th order fall within the transmission range of the atmospheric air. Moreover, as shown earlier for the third to seventh odd harmonics of a mid-IR driver [17] , the weakness of dispersion of the atmospheric air in the mid-infrared favors phase matching for the generation of these harmonics. In experiments presented below in this report, we show that optical harmonics can radically enhance the high-frequency part of the supercontinuum generated by a high-peak-power mid-IR driver, yielding a high-energy broadband radiation with a spectrum spanning over four octaves, from 250 to at least 6500 nm.
Broadband sources of coherent radiation in the mid-infrared (mid-IR) range are in great demand for a broad variety of applications, including molecular vibrational spectroscopy [1] , semiconductor optoelectronics [2] , frequency-comb technologies [3] , trace-gas detection [4] , biomedical diagnostics [5] , and food quality control [6] . Due to their unsurpassed brightness, synchrotron-based mid-IR beamlines enable a high-resolution chemically sensitive imaging with fast image acquisition and high signal-to-noise ratio within the entire mid-IR range [7, 8] . As a way toward lower costs and real-life-friendly formats, nonlinear-optical methods of mid-IR supercontinuum generation have been demonstrated using properly chosen solid-state materials [9, 10] and nonsilica fibers [11] . The energy and the peak power of these mid-IR supercontinuum sources are, however, limited as the intensity of the driver needs to be kept below the laser damage threshold in the bulk of a solid or in a fiber.
Supercontinua with peak powers well above the limits dictated by laser damage thresholds of solid materials can be generated by high-power ultrashort light pulses inducing laser filaments in gas media [12, 13] . In the mid-IR range, filamentation in the gas phase has become possible only recently [14, 15] , since the development of high-peak-power mid-infrared optical parametric chirped-pulse amplifiers (OPCPAs) [16] . In the first gas-phase filamentation experiments in the mid-infrared, performed with 0.1-TW mid-infrared pulses focused in high-pressure gases [14] , spectral broadening of the mid-infrared driver was accompanied by efficient energy conversion to the third and fifth harmonics of the driver. In this work, much more powerful, 0.25-TW mid-IR pulses with a sub-100-fs pulse width at a central wavelength of 3.9 μm are used to induce a laser filament in the air. At this level of peak powers, odd harmonics up to the 15th order, broadened due to spatially nonuniform ionization-induced blue shift, are shown to prominently contribute to supercontinuum generation. Notably, when Ti: sapphire laser pulses are used to induce filaments in the atmospheric air, generation of optical harmonics beyond the third order is not possible because of the absorption of the atmosphere. For the mid-IR driver used in experiments presented in this work, harmonics up to the 15th order fall within the transmission range of the atmospheric air. Moreover, as shown earlier for the third to seventh odd harmonics of a mid-IR driver [17] , the weakness of dispersion of the atmospheric air in the mid-infrared favors phase matching for the generation of these harmonics. In experiments presented below in this report, we show that optical harmonics can radically enhance the high-frequency part of the supercontinuum generated by a high-peak-power mid-IR driver, yielding a high-energy broadband radiation with a spectrum spanning over four octaves, from 250 to at least 6500 nm.
High-power ultrashort mid-IR driver pulses are delivered in our experiments by the Skolkovo version of a high-power OPCPA source [15] , consisting of a solidstate ytterbium laser with an amplifier, a three-stage optical parametric amplifier (OPA), a grism stretcher, a Nd: YAG pump laser, a three-stage OPCPA system, and a grating compressor for mid-IR pulses. The 1-kHz, 200-fs, 1-2-mJ, 1030-nm regeneratively amplified output of the Yb:CaF 2 laser system is used as a pump for the threestage OPA, which generates 200-fs 1460-nm pulses at its output. These 1460-nm pulses are then stretched with a grism stretcher and used as a seed in a three-stage OPCPA, consisting of three KTA crystals I, II, and III, pumped by 100-ps Nd: YAG-laser pulses with energies 50, 250, and 700 mJ, respectively. The stretched-pulse idler-wave output of the OPCPA system has a central wavelength of 3.9 μm and an energy above 50 mJ. Compression of these pulses using a grating compressor yields 90-fs mid-IR pulses with an energy up to 30 mJ.
Spectral measurements in the mid-IR range are performed with a homebuilt scanning monochromator and a thermoelectrically cooled HgCdTe detector. For the spectral measurements in the ultraviolet, visible, and near-IR ranges, OceanOptics HR4000 and NIRQuest spectrometers were employed. Temporal envelopes and phases of mid-infrared pulses are characterized using frequency-resolved optical gating (FROG) based on second-harmonic generation (SHG) in a 0.5-mm-thick AgGaS 2 crystal. A typical SHG FROG trace of the compressed mid-IR OPCPA output is shown in Fig. 1(a) . The pulse envelope and phase retrieved from this FROG trace is presented in Fig. 1(b) . The spectrum retrieved from the SHG FROG trace [dashed line in Fig. 1(c) ] agrees well with the spectrum measured by the scanning monochromator and the HgCdTe detector [solid line in Fig. 1(c) ]. The beam profile of the mid-IR OPCPA output is shown in Fig. 1(d) .
A 3.9-μm, 25-mJ, 90-fs driver used in our experiments has a peak power P ≈ 280 GW, which is a factor of 3.5 higher than the critical power of self-focusing of 3.9-μm radiation in the atmospheric air, P cr ≈ 80 GW. When focused by a parabolic mirror with a focal length of 0.5 m, such driver pulses induce a filament with a total length of about 10 cm. Laser filamentation in the atmosphere is accompanied by a generation of broadband, white-light radiation. With an appropriate focusing of the driver, the spectrum of this radiation continuously spans a wavelength range of at least 4.7 octaves, stretching from 250 to 6500 nm (Fig. 2) . For longer wavelengths, the sensitivity of the mid-IR spectrometer rapidly falls off, making spectral measurements unreliable. The high-frequency part of the supercontinuum is drastically enhanced by odd-order harmonics of the driver. Odd harmonics up to the 15th order are clearly seen in supercontinuum spectra in Fig. 2 as spectrally broadened, still well-resolved peaks near the frequencies 2m 1ω 0 , where m is an integer and ω 0 is the central frequency of the mid-infrared driver.
With the parameters of the mid-IR driver fixed, the efficiency of driver energy conversion to the harmonics is controlled by the focal length f of the mirror used to focus the pump beam. The maximum efficiency of energy conversion into the spectrally broadened third harmonic, defined as the energy emitted in the 980-1960-nm range of the supercontinuum spectrum to the total input energy of the driver, is achieved with f 50 cm, and is estimated as η 3 ≈ 0.1% with 10% energy fluctuation. The f 50 cm mirror also maximizes the total efficiency of energy conversion to all the harmonics, from the third to the fifteenth, η Σ ≈ 0.13%.
Analysis of the supercontinuum beam profile reveals a complex, nonuniform distribution of spectral components over the supercontinuum beam (the inset in Fig. 2 ). As one of the most striking tendencies, the off-axial spectra display a strong blue shift relative to their onaxis counterparts. As a result, the off-axial harmonic signals are also systematically blue-shifted relative to the on-axis harmonic spectra. An almost perfect axial symmetry of the beam behind the filament (the inset in Fig. 2) indicates that only one filament is formed in the atmosphere in our experiments. This result is predictable for a driver with a peak power P ≈ 3.5P cr , used in our experiments, and is verified by numerical simulations.
To analyze the spatiotemporal field dynamics behind filamentation-assisted supercontinuum generation, we use a model based on the field evolution equation [12, 13, 17] that includes the dispersion of the medium, beam diffraction, neutral-gas and ionization-induced optical nonlinearities, pulse self-steepening, spatial selfaction phenomena, as well as plasma-related loss, refraction, and dispersion. Optical harmonic generation is included in this analysis perturbatively, through the relevant nonlinear susceptibilities. The field evolution equation is solved jointly with the equation for the electron density with the photoionization rate calculated using the Popov-Perelomov-Terentyev version of the Keldysh formalism [12, 13] . Simulations were performed using an MPI parallel programming interface on the Chebyshev and Lomonosov supercomputer clusters of Moscow State University for driver pulses used in experiments, i.e., a central wavelength of 3.9 μm, pulse width of 90 fs, an energy of 25 mJ, and a beam diameter of 1.5 cm.
With a standard set of constants for the dispersion, nonlinearity, and ionization for the atmospheric air, numerical simulations accurately reproduce the experimental spectra (Fig. 2) and the energies of harmonic signals, offering important insights into the physics behind supercontinuum generation in the filament. While reliable spectral measurements for wavelengths longer than 6.5 μm were not possible in our experiments, simulations, as can be seen from Fig. 2(a) , suggest that the mid-IR wing of the supercontinuum spectrum continuously extends well beyond 6.5 μm, yielding an overall supercontinuum bandwidth well above five octaves.
Typical spatiotemporal dynamics of a mid-IR driver inducing a filament in our experimental conditions is illustrated in Figs. 3(a)−3(d) . As long as the field intensity is low in the leading edge of the pulse [τ −50 fs in Fig. 3(a) , where τ is the time in the frame of reference running with the group velocity of the driver pulse, with τ 0 corresponding to the center of the input pulse], self-focusing and ionization effects are negligible. The beam dynamics in this section of the pulse is dominated by diffraction. However, as the field intensity increases toward the central part of the pulse, nonlinear phenomena and gas ionization become significant [ Fig. 3(b) ]. The central part of the mid-infrared driver and its trailing edge propagate in a medium where a transient electrondensity gradient has been induced by the leading edge of the pulse, undergoing a scattering off this electrondensity gradient [Figs. 3(c) and 3(d) ]. Strong interaction of this part of the beam with the plasma that the leading edge of the pulse leaves behind induces a dramatic blue shift, observed as an intense off-axial feature stretching from the central wavelength of the driver in the mid-IR up to 1.5 μm in Fig. 3(e) . As a part of subsequent filamentation dynamics, this scattered beam fraction is refocused due to self-focusing [Figs. 3(c) and 3(d) ], forming a filament in the central part of the beam. Much longer filaments could be induced by driver pulses with smaller beam diameters focused by longer focal-length mirrors. In particular, filaments whose lengths exceeded 1 m were generated by using 7-mm-diameter mid-IR driver beam focused with a 2-m-focal-length mirror. However, the spectra of supercontinua generated in such long filaments are not as broad as the supercontinuum spectrum shown in Fig. 2 .
Filamentation of the mid-IR driver in the air is accompanied by efficient odd-order harmonic generation. At z 45 cm, optical harmonics show up [ Fig. 4(a) ] as well-resolved equidistant signals in the spectrum of the field centered at 2m 1ω 0 . At this stage, both the pulse width and the beam diameter of each harmonic decrease with the harmonic order due to the increasing order of nonlinearity. With z > 46 cm, effects related to ionization-induced defocusing become noticeable, decreasing the field intensity on the trailing edge of the pulse [ Figs. 3(a)-3(d) ]. This effect suppresses harmonic generation in the trailing edge of the pulse, confining this process to the leading edge and the central part of the pulse, where ionization-induced defocusing is less dramatic. , we compare odd-order harmonic generation in a laser filament with the buildup of optical harmonics in the collimated-beam regime [18] . In the collimated-beam geometry, harmonic intensities calculated as functions of the propagation length z exhibit characteristic well-resolved fringes [ Fig. 5(a) ], controlled by the coherence lengths for the relevant direct and cascaded harmonic-generation processes. As can be seen from Fig. 5(b) , in the filamentation regime, the coherence length of third-harmonic generation in the atmospheric air (l th ≈ 50 cm) is still a meaningful physical scale. As long as z ≪ l th , the third harmonic grows approximately as z 2 , reaching saturation when z approaches l th . Since the third harmonic strongly contributes to the generation of higher order harmonics through cascaded wave mixing, the higher order harmonics are seen to rapidly build up within a short distance near z ≈ l th . Remarkably, despite the complexity of beam dynamics in a laser filament, with appropriate optimization, achieved for our experimental conditions with f ≈ 50 cm, the efficiencies of harmonic generation in a laser filament can be almost an order of magnitude higher than the efficiencies attainable in the collimated-beam geometry [cf. To summarize, laser filaments induced in the air by 0.25-TW, sub-100-fs pulses with a central wavelength of 3.9 μm are shown to enable the generation of high-energy supercontinuum spanning at least 4.7 octaves, from 250 to 6500 nm. Optical harmonics up to the 15th order are produced in such laser filaments, providing energy conversion to the third harmonic up to 0.1%. Fig. 5 . The total energy in the third (black), fifth (red), seventh (blue), and ninth (green) optical harmonic calculated as a function of the propagation length in a collimated-beam geometry (a) and in a laser-induced filament (b) for a 0.25-TW, 80-fs, 3.9-μm pump pulse.
